Two-dimensional and one-dimensional models are used to evaluate the seashore effects of the tsunami generated by an asteroid hitting the deep water in the Eastern region of the Black Sea. The shallow water theory has been used to describe tsunami propagation. The distance between the impact point and the nearest coast is about 150 km. The effects on the coastal regions depend on many factors among which the most important is asteroid size. The tsunami generated by a 250 m asteroid reaches the nearest dry land location in 20 minutes and needs about two hours to hit all over the Black Sea coast. The horizontal inundation length is also known as run-in or run-off distance, according to the direction of water movement.
Introduction
Tsunamis produced in association with earthquake activity have been reported several times in the Black Sea * E-mail: badescu@theta.termo.pub.ro from the antiquity up to the present time [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Most of these observed tsunamis were initiated close to the coastline. Earthquakes generated tsunamis in the Black Sea in 1927, 1939 and 1966 . Their maximum amplitudes reached 53 cm, 53 cm and 41 cm, respectively [2] . Many studies refer to tsunami observed on the coasts of the Crimean Peninsula, the Caucasus, the northern beaches of Turkey and Bulgarian coast. The Black Sea's sea floor topog-raphy, particularly the extent of shallow sea-bottom, is a major factor for this noteworthy geographical distribution [3] ; the topographic capture of tsunami energy by the Black Sea shelf accounts for this phenomenon. According to historical data the maximum heights of Black Sea tsunamis are not remarkably impressive [4] . The largest tsunami in the 20th century was observed in 1968 with max. wave height of c. 3 m [5] . The most comprehensive critical review of tsunami phenomena in the Black Sea was published recently [5] .
Asteroid impacts in the Black Sea are apparently unrecorded by historians [1] [2] [3] [4] . The first study concerning this potential event is [40] . Note that two different phenomena might start simultaneously when an asteroid hits this sea. First, the initial water cavity constitutes the source for a tsunami wave. The second phenomenon is specific to the Black Sea. Hydrogen sulfide is released into the atmosphere and creates a gaseous 'cloud' on the sea surface. This H 2 S cloud moves and disperses in the mean atmospheric wind field. The two phenomena have their own dynamics and their effects on the coastal regions are different. The dynamics of the poisonous gas blanket has been discussed [14] . The present paper is concerned with the tsunami hydrodynamics.
Tsunami generation and propagation significantly depends on local bathymetry. In the Black Sea the southern region is deeper than the northern one. Tsunamis with different characteristics are expected to occur in the two regions due to different initial water cavity features (see Section 4) . Also, the social effects of these catastrophic events depend on seashore population distribution, which is not uniform.
Results concerning the run-up heights, the horizontal inundation length (also known as the run-in distance [15] ), as well as the simulated wave profiles across realistic beaches profiles, are not very often reported in literature. Most papers referred to various mathematical models of wave-wave interaction in shallow water, wave run-up on sloping beaches, conical obstacles or vertical cylinders, respectively [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Some of these papers compare experimental setup results with results obtained from numerical simulation for validation purposes. However, after the great Sumatra earthquake of 26 December 2004 a number of papers focused on realistic simulations of the run-ups of earthquake generated tsunamis [2, [26] [27] [28] 30] . Other articles have been devoted to the simulation of run-ups due to landslides [31] [32] [33] [34] [35] [36] . There is a limited number of papers dealing with numerical simulation of run-ups induced by asteroid impact tsunamis [37] [38] [39] . All these works refer to asteroids hitting open seas and oceans.
In a previous paper [40] we reported preliminary results about the seashore effects of a 70 m size asteroid hitting the Black Sea in the proximity of the Crimea peninsula. A crude estimate of the initial water cavity shape has been used and a simple 1D model has been adopted there to describe the tsunami's propagation. In the present work a much more detailed analysis is performed for an asteroid hitting the deep sea waters of the Eastern Black Sea. Improved 2D and 1D models and bathymetry data are used to simulate both tsunami propagation and its effect on a variety of realistic beaches. Different asteroid sizes are considered. Also, the associated run-in distance values are analyzed in several areas of the eastern Black Sea coasts and the differences due to bathymetry and topography are discussed. The tsunami effects in the western basin of Black Sea were studied in [41] . The results reported here refer to impact generated tsunamis in a confined water body, where refraction effects are not negligible (see [6, 7] ), and extend existing knowledge about tsunamis in open seas and oceans.
Information about Black Sea
The Black Sea is an oval-shaped body of seawater situated between 40.55 • N and 46.32 • N latitude and between 27.27
• E and 41.42
• E longitude; it has a coastline of 4090 km (≈ 1 4% of the world's coastline) and a maximum water depth of 2,200 m. The distinguishing physical peculiarity of the Black Sea is the presence of a "permanent" halocline situated at a depth of 100-200 m, a stratification generated mostly by freshwater inputs from rivers flowing into the Black Sea. Of its total volume of water-approximately 547000 km 3 some 475000 km 3 , or 87%, is anoxic, without dissolved oxygen and therefore lifeless except for anaerobic bacteria. The Black Sea is Earth's biggest single reservoir of hydrogen sulfide (H 2 S), an oceanographic fact only discovered circa 1891. H 2 S is generated by bacterial reduction of sulfate both in the water column and in the Holocene seafloor sediments deposited since the connection of the Black Sea with the Mediterranean Sea.
Frequency of asteroid impacts in Black Sea
Rough estimates give more than 30 Near-Earth objects (NEOs) larger than 5 km in diameter, 1500 NEOs larger than 1 km and 135000 larger than 100 m [42] . About half of NEOs are crossing the Earth orbit and there is a chance to collide with the Earth in near or far future. The main sources of NEOs are the asteroid belt and the EdgeworthKuiper Belt (EKB). Other objects crossing the Earth orbit are long-period comets coming from the Oort cloud. Icy bodies can also migrate inside the Solar System from the regions located between the EKB and the Oort cloud.
Almost all of what is known about the potential environmental and societal consequences of asteroid impacts on Earth has been obtained from numerical simulations 1 . Some conclusions were also derived (for smaller impacts) from extrapolations of nuclear weapons tests [44] and (for larger impacts) from inferences from the geological record for the Cretaceous /Tertiary (K/T) impact about 65 Myr ago. The environmental consequences from asteroid impacts are usually classified in three size ranges [45] : (i) regional disasters due to impacts of multi-hundred meter objects; (ii) civilization-ending impacts by multi-km objects and (iii) K/T-like cataclysms that yield mass extinctions. Recently, a number of researchers were arguing a forth size range should be added, namely (iv) multi-ten meters impactors like Tunguska (see [46, 47] and references therein).
There is considerable uncertainty about the environmental consequences of larger impacts. It is expected that they have diverse physical, chemical, and biological consequences, which dominate the Earth ecosphere in ways that are difficult to imagine and model. Atmospheric perturbations due to dust and aerosols lofted by impacts are some of these effects that have been studied by using global circulation and climate models. The "asteroidal winter" may be a consequence, deriving from a strong injection of dust in the atmosphere [48] . Impacts may also induce chemical changes in the atmosphere, mainly by injection of sulphur into the stratosphere. These are related to the vaporization of both the impactor and a part of the target. Large impact events may inject enough sulphur to produce a reduction in temperature of several degrees and a major climatic shift [37] . Additional effects on atmospheric chemistry are the potential for the destruction of the ozone layer from shock heating atmospheric nitrogen and the injection of fluorides from the vaporized hitting body [47] . The greatest danger from smaller impacts are tsunamis, which transfer the effects of a localized ocean impact into dangerous waves on distant shores [49] . The current philosophy of impact hazard considers the danger from small asteroids as negligible. However, several facts claim for a revision of this philosophy. The impactors in category (iv) may have major local consequences near ground zero. Also, they could generate social effects, political ramifications and fallout from the public. In fact, there are several scientists suggesting that small asteroids 1 www.boulder.swri.edu/clark/neowp.html might be even more dangerous than larger bodies [47] .
The impact is a random process in geographical space but also in time. Estimates of such impact rates based on the number of asteroids and dynamical considerations are rather uncertain, so it may be more robust to determine them from the historical impact records [50] . On the other hand, the latter method suffers greatly from the small number statistics and unknown sample completeness. In practice, evaluation of impact frequency is made by using empirical or semi-empirical formulas. The scarce existing data yield often contradictory results.
A rough estimate for the impact frequency as function of impactor size is [43] : (i) multi-hundred meter objects hit Earth every 10 4 years (ii) multi-km object impacts occur on a million-year timescale; (iii) K/T-like cataclysms occur on a 100 Myr timescale. Also, tens of meters impactors collide with the Earth on timescales comparable to or shorter than a human lifetime [40] .
A simple way to evaluate the frequency of asteroid impacts in the Black Sea is to multiply the above estimations (in years between successive collisions with similar size objects) by the ratio between the Earth and Black Sea surface (which is 1208, for an Earth surface of 510,065,600 km 2 ) [51] . However, the possible impactors are grouped by families according to their origin, as shown before. One may speculate rather similar dynamical and trajectory properties for objects of the same family and this may decrease the randomness degree of impact spatial distribution. As an example, the impact crater distribution on Europe's surface shows a larger number of impacts around Baltic Sea and (interestingly) in the north of the Black Sea 2 . But this interpretation must be taken with caution because most of the terrestrial impact craters have been obliterated by other terrestrial geological processes [53] .
Effects of asteroids hitting the Black Sea
Very accurate numerical simulations provided valuable information about the interaction between larger size asteroids and the atmosphere, the seawater, and the underwater medium [54] . Usually, less than 0.01 of the impactor's kinetic energy is dissipated during the atmospheric passage. The remaining part of the kinetic energy is absorbed by the ocean and sea floor within less than one second. The water immediately surrounding the impactor is va-porized, and the rapid expansion of the vapor excavates a cavity in the water. This cavity is asymmetric in case of oblique incidence angles, and the splash, or crown, is higher on the side opposite the incoming trajectory. The collapse of the crown creates a precursor tsunami that propagates outward. The higher part of the crown breaks up into droplets that fall back into the water. The hot vapor from the cavity expands into the atmosphere. When the vapor pressure diminishes enough, water begins to fill almost symmetrically the cavity from the bottom. The filling water converges on the center of the cavity and generates a jet that rises vertically in the atmosphere to a height comparable with the initial cavity diameter. It is the collapse of this central vertical jet that produces the principal tsunami. Modeling the initial water displacement by asteroid impact in a water body is a daunting task and various computational set-up scenarios are described by using shock physics theory [54] [55] [56] [57] . All of them predict water disturbances of a characteristic length scale comparable with water depth at impact point. Due to complex water movement at impact source, the usual approach consists in designing an equivalent water cavity as in modeling waves generated by underwater explosions [58] or explosions of underwater volcanoes [59] . The following relation between the radius R and the depth D of the water cavity has been suggested [60] :
where and α are parameters depending on asteroid properties.Central symmetry is assumed at the initial moment = 0 for the equivalent water cavity at the impact point. Then, the parabolic shape of the water displacement at distance r from the impact point is given by [61] :
where η is the water displacement relative to the unperturbed sea level and R D is the radius of the undisturbed sea level around the impact point. The energy E T of the water cavity formation process is defined by
where
) is the seawater density and ( ∼ = 9 81 m/s 2 ) is the gravitational acceleration. If R D = √ 2R , usage of Eqs. (2) and (3) yields:
It is assumed that only a fraction of asteroid kinetic energy E is transformed into the energy of the water cavity formation process, i.e.
where ρ ,V , and R are the density, velocity and radius of the impactor, respectively. Usage of Eqs. (4) and (5) yields the depth D of the water cavity:
where | | is the modulus of the water depth at the impact location. The assumption that the depth of the water cavity cannot exceed the water depth | | has been adopted in Eq. (6) . From Eqs. (1) and (6) one gets the radius R of the water cavity:
with δ = 0 5/(1 + α). Laboratory measurements suggest that the following value may be adopted: α = 1 27 [49, 61] . Figure 1 shows experimental results reported in [49] concerning the dependence of the coefficient entering Eq. (1) on the impactor radius R . We have fitted several relationships to the data in Fig. 1 . The following power law is a best fit:
(root mean square error RMSE=0.0006924, squared coefficient of correlation R 2 =0.9991). Equation (8) is almost similar to the regression relationship proposed in [15] . respectively, on the impactor radius R , as derived from Eqs. (7) and (8). Figure 2 shows the dependence of the water depth cavity D and radius cavity R , respectively, on the asteroid radius R , as derived from Eqs. (7) and (8) . A value = 0 155 has been adopted there [49, 61] . Both the depth cavity and the radius cavity increase by increasing the asteroid size, as expected. However, the water cavity depth cannot exceed the sea depth (see Eq. (6)). Some consequences of an asteroid hitting the Black Sea were described in [14] and [62] . Only results concerning the dynamics of the H 2 S cloud were analyzed in detail in those papers. Here we focus on tsunami generation and propagation and its effects on the seashore.
Tsunami hydrodynamics
Different theories are used to model the hydrodynamics of impact-generated tsunamis. Some of these theories and their estimated accuracy are briefly described in the Appendix A. Here we are using a model for tsunami generation and propagation based on shallow water theory. The main criterion for applying the shallow water theory is λ | |, where λ is the wavelength and | | is the water depth. In deep waters, the usual wave length ranges between 10 and 25 km. At impact location, | | = 2122 m (see Section 6). The tsunami source Eq. (2) employed here comes from linear dispersive wave theory and packets of waves would be expected to be generated later on, too. The shallow waters equations (SWEs) act over the initial cavity like a high-pass filter such that only the most energetic long wave (of wavelength L) is captured and propagated towards the shore [37] . Following [15] and [49] , L ≈ 2 12R . For asteroids of diameter 70 m, 250 m, and 1000 m this yields L ≈ 2700, 7250, and 21500 m, respectively. The shallow water theory criterion is rather well fulfilled for 1000 m diameter asteroids. In the case of 70 m and 250 m asteroids, the accuracy of the shallow water theory is worse (see Appendix A for more details). Nonetheless, shortly after impact the wave length grows rapidly from the initial size no matter how large the asteroid is. Computations show that 60 s after impact the longest wavelengths range from 7 to 15 km for asteroids of 70 m and 250 m, respectively. Hence, the SWEs may be used to model with reasonable accuracy tsunami wave propagation, especially when interested on the shore effects.
The implementation of the shallow water theory in case of the Black Sea is presented next. Modified Navier-Stokes equations including bottom friction effects are used. The dispersion term and the Coriolis effect are neglected due to the relatively small size of Black Sea. Then, the wave equations in spherical coordinates describing the temporal and spatial evolution of the sea level are [63, 64] :
where D = +η is the total water depth, R is the average Earth radius, λ is the longitude, and φ is the latitude. M and N are the depth averaged water discharges in the longitude and latitude directions, respectively, given by:
where ν λ and ν φ are appropriate sea water velocities stemming from the spherical Navier-Stokes equations. The last terms in Eqs. (9) are given by:
They represent bottom friction terms which become important in shallow waters. The friction coefficient entering Eqs. (11) can be computed from the Manning's roughness coefficient :
such that Eqs. (11) become [63] :
Typical values are adopted in calculations for the Manning coefficient (see Section 5.2).
Numerical approach
The system of partial differential nonlinear hyperbolic nonconservative (9) is solved using TsunamiClaw code embodying many features and subroutines from Clawpack package 3 . The system of PDE's is cast into a conservative form with source term in order to use conservative numerical method based on the integral form of the SWEs and appropriate up-winding near shocks like that provided by solving Riemann problems. An extensive explanation of these features and numerical approach can be found in [65] . The novel augmented Riemann solver for SWEs and tsunami simulation described in [66] is based on a finite volume technique that allows modeling the global propagation regime and wet-dry interfaces accurately, making it appropriate for inundation modeling and shoreline capturing. Further, the solver is well suited for shockcapturing; in fact it is equivalent to the Roe solver near shocks [67] . Lastly, the solver does not require an entropy fix such as the Roe solver. The source terms are evaluated through a 2-stage Runge-Kutta method. The shoreline discontinuities are capture rather than explicitly tracked, similar in philosophy to the shock-capturing property of Godunov-type methods, where shocks are captured automatically by solving Riemann problems appropriately near these features [68] . As the tsunami enters shallow waters, the wave is compressed and focused leading to violent flow characteristics, usually shock-waves. The nonlinearities in the shallow water equations dominate in this flow regime, which can lead to breaking waves and turbulent bores. There are two issues at hand here: first, for modelers, the issue of computing a true shock-wave solution to the shallow water equations is a difficult task, and second, it is not clear how well a shock-wave solution to the SWEs represent the physical turbulent bore or breaking wave. The resolution of the latter issue seems to be that shock waves represent turbulent bores surprisingly well, if one considers only the macroscopic properties of the bore, such as when it forms, its propagation speed, and how it affects inundation. Certainly the SWEs do not describe the flow features right at the edge of the turbulent region of the bore. However, if the bore is represented mathematically as a discontinuity, the SWEs with appropriate entropy conditions provide the correct conservation principles for hydrostatic flow surrounding the bore. This work is more concerned with the first issue, which is numerically converging to correct discontinuous solutions of the SWEs. Regardless of the crudeness of the shock-wave approximation to a true physical bore, certainly a correct solution to the SWEs is a better approximation to the bore than a spurious one.
Note that the Riemann solutions become unphysical at wet/dry interfaces where solutions of Rankine-Hugoniot jump conditions are affected by vanishing water depth at either left or right states. However, in [66] it has been shown that Riemann solutions comprise one rarefaction wave, a middle dry state, and the shock wave is nonexistent. The rarefaction wave is associated with either the first or second characteristic eigenvalue depending on which side of the wet/dry interface the water depth vanishes.
Free boundary conditions (zero order extrapolation) are used when solving the SWEs such that to capture flooding phenomena on the shores. The computational grid contains both water and land domain and is spaced in E-W and N-S directions in equal steps of λ = R cos φ∆λ in longitude and φ = R∆φ in latitude.
General features of tsunami claw
The code allows modeling tsunamis and land inundation on either spherical or Cartesian coordinates with a diverse range of temporal and spatial scales. This is accomplished by using up to two coarse level grids for entire domain and evolving rectangular sub-grids of higher refinement level that track moving waves and flooding around shoreline [69, 70] . The first two coarse grids track water displacement and wave propagation in deep waters (water depths greater than the pre-established value of shallow water depth, usually 100 m). Imposing shallow water depth one can indicate which areas are to be refined close to coastal lines. Finer grids capture the wave behavior in shallow waters and wave run-up on shore. All grids are constructed by interpolating geometric data directly from the bathymetry file as long as the characteristic cell size is larger than the resolution of the bathymetry file. In shallow waters and on shores, the combined bathymetrytopography file is itself interpolated in order to provide the necessary geometric information for finer grids. For example, suppose that the rectangular domain covering Black Sea area, ranging from 27.30
• E to 42.00
• E and from 40.50 • N to 47.00
• N, is discretized at the coarsest level on a 420 × 190 grid that ensures a resolution for the deep waters of 3.5 × 3.5 km. Next, suppose that on certain beach areas we want to track flooding on a ≈100 × 100 m grid. We can specify the number of refined grids and refinement ratios in order to achieve our goal. For example, the grid refinement in either direction is 1:2 on the second level, 1:6 for the third and 1:30 for the fourth, compared to the coarsest first level. At any given time in the computation, a particular level of refinement may have numerous disjoint grids associated with it that track specific areas of interest.
One of the benefits of using finite volume methods for the integral form of the SWEs, is that the formal assumptions still hold when applied to regions surrounding wet and dry interfaces. Therefore, we can avoid special discretization and specialized tracking or ad-hoc treatments of the shorelines. In fact, we can accurately model inundation by simply solving Riemann problems between wet and dry cells-using the exact same formalism as for the rest of the domain. The approach we take in this situation is to right then the jump in bathymetry does not form a large enough barrier to prevent inundation. In this case, the ghost problem is discarded, and the actual Riemann problem is solved with the actual values from the right cell. This ensures that the full source term is realized when the inundating water has enough momentum to overcome the entire slope. Friction may be important for realistic run-up heights and a typical value for the Manning coefficient is = 0 025. The original code was tuned for tectonically induced tsunamis whose initial water level perturbation is generated by a vertical displacement of the sea floor. Here we have developed the code to use the profile of the water cavity generated through the asteroid impact as initial wave source. This is a major difference taking into account the large scale separation between the characteristic length of the water domain and that of the perturbation source domain. Actually, from this point of view, the perturbation induced by the asteroid impact can be regarded as a point source. In order to obtain reliable simulation results, we treated the initial perturbation domain on a third or fourth level of grid refinement just like any other beach specific area. Hence, we were able to capture even the shore effects of a 70 m asteroid impact.
Results and discussions
A combined bathymetry and topography data file in standard GIS format for the Black Sea 4 is used throughout. The data has been obtained from satellite altimetry and ship depth soundings. Data resolution is 0.01×0.0114 degrees (which is equivalent to ≈ 1134 × 935 m) (Fig. 3) . The impact position considered in this paper has latitude 43
• N and longitude 38
• E (Fig. 3) while the sea depth there is = −2122 m. This impact position corresponds to the impact point B3 in Ref. [62] . The sea floor bed is flat around the impact point for a radius of 125 km. The shortest distance between impact location and the coast is about 150 km.
The study of tsunami propagation provides clues regarding major flooding risk for the nearest beach areas. Among them, we point out, Yalta's region in Ukraine, Sochi and Novorossiysk surrounding areas on Russian coastline, Sokhumi and Batumi on Georgian shore, and Trabzon, Ordu, and Samsun on the Turkey's shore (Fig. 4) . Information about these localities is given in Table 1 .
Impacts by asteroids of class (i), (ii) and (iv) will be considered next. The asteroid material is assumed to be dunite (mass density ρ = 3000 kg/m 3 ) as a mock-up for typical stony asteroids. The impact velocity is V = 20000 m/s. The following constant values are used during the calculations: α = 1 27, = 0 155.
Impacts by class (i) asteroids
An asteroid of diameter D = 250 m is considered first. Taking into account Eq. (7) and the second option of Eq. (6) we obtain the water cavity's depth D = | | = 2122 m and cavity's radius R = 3410 m. The peak spectral component of the generated wave occurs at 7162 m wavelength (that is, 1.05 × water cavity diameter [37] ). The ratio | | /L between the sea depth and peak tsunami's wavelength is 2122/7162 = 1/3.37. This wave is not a shallow water wave (see Appendix A). The accuracy of the results reported next are expected to be similar to that described in Appendix A for | | /L > 1 4
The salient features of the tsunami propagation over the whole Black Sea are presented in Fig. 5 . Complex pattern of waves stands out mostly due to the almost confined character of Black Sea that generates wave interference.
At the impact position the water is lifted to about 2000 m above the sea level (Fig. 5a ). Due to the large ratio between the initial water cavity diameter and cavity depth, no breaking wave is apparent near the source. The first important wave (10 to 15 m height) reaches the Russian coast in about 20 minutes after asteroid impact (Fig. 5b) . The Northern coast of Turkey is reached between Samsun and Ordu a few minutes later. The 12 to 18 m height tsunami needs 40 minutes to impact the whole coastline of Eastern region of Black Sea (Fig. 5c ) except the Eastern extremity, which is reached by a wave less than 1.5 m height one hour after impact (Fig. 5d ). Most part of the Black Sea is affected by the tsunami in about two hours after impact but the wave height is small, oscillating between -0.25 and 0.75 m (Figs. 5e and 5f , respectively). The Northern part of the Black Sea coast is not affected by this catastrophic event. Note the importance of the Crimean coasts orientation (Fig. 3) . Indeed, the Eastern coast is affected by a tsunami wave of about 18 m height (Fig. 5c ) while the Western coast is reached by waves less than 1 m in height (Figs. 5e and 5f). We remind that SWEs do not take into account dispersion, and therefore short wavelength waves are neglected. The waves represented in Fig. 5 have long wavelength. Especially at shore and during the run-in process this feature is most prominent.
It is known that the wave height increases near the shore, due to the interaction between the wave and the small depth sea floor. This interaction causes the most devastating effects on the coastline. In order to accommodate the most important features of the tsunami impact on the coastal regions we have performed detailed simulations for the Eastern and Western basins of Black Sea, with emphasis on flooding risk beaches. High coverage coarse grids (level 1 and 2) have been adopted within the numerical procedure for deep sea, trying to find a compromise between reasonable accuracy and reasonable computing time. Finer grids (level 3) were used in the domains with sea depth smaller than 100 m. Run-up effects have been obtained by using the finest grids (level 4) covering beach areas of interest. 1D slices through the computational domain in these areas allow the best estimates of tsunami effects on beaches. These 1D wave profiles through the 2D data arrays are obtained by interpolation. Near the shore, the tsunami wave lays very well within the assumptions of the shallow waters theory, which predicts non-breaking waves behavior.
The initial sea level perturbation is obtained after interpolation procedures within the impact area (Fig. 6 ). It shows a peak of about 2100 m. The water cavity is as big as 1800 m in depth. Investigations have focused on Yalta area in Crimea (see Table 1 ). In this case the coarsest grid had a number of 420 x 190 cells while further grids were refined in ratios of 2, 3 and 5, respectively. The finest grid covered the flooding risk beach. The beach topography profile on the azimuth line connecting the asteroid impact point and Yalta is illustrated in Fig. 7 . The wet and dry terrain raises almost linearly more than 250 m over 5 km distance. Figure 8 shows a slice through the propagating wave at 2400 s after impact along the azimuth line associated to Fig. 7 . The four different curves in Fig. 8a illustrate the solution of the PDEs system (9) corresponding to different refinement grid levels. Grid level 1 and 2 apply to deep seawaters while grid levels 3 and 4 apply to the beach on Yalta's area. Note that the shore line is at X = 347 km (see Fig. 7 and Fig. 8b ). All grids show that before reaching the shore the propagating wave has a 20 m high crest, a 15 m trough and about 11.5 km wavelength. In the seashore area the results depend significantly on the grid level. The coarser grids 1 and 2 estimate run-ups of 20 m to 35 m, respectively, while the more finer grids 3 and 4 predict more realistic run-ups of 10 m and 2 m, respectively. Note that lower level grids are used only for extrapolation to the higher level grids, which are of relevance near the seashore. All next slices are associated with grid level 4. At 2520 s from the asteroid impact, the main tsunami wave reaches the Yalta's shore-line (Fig. 9a) . It is about 39 m in height. There is a water cavity behind the wave more than one km long and about 18 m maximum deep. The steep beach gradient diminishes the run-in distance, which is estimated to only 700 m. Eighty seconds later, water recedes for more than 1.5 km from initial shore line (see the run-off distance on Fig. 9b ). The beach sweeping ceases only one and a half hours after the impact moment. In between, beside the snapshots already presented, there are numerous series of waves hitting the coastline of less important amplitudes. Figure 10 shows the water wave profile when hitting the seashore at Sochi and Ordu and the maximum run-in distances on dry land. Located on the North-East shore of the Black Sea, Sochi is the first important locality in Fig. 4 where the tsunami arrives, at about 23 minutes after the asteroid impact (Fig. 10a) . The tsunami is about 13 m high and the water cavity behind is more than 2 km large and about 20 m deep. The maximum run-in distance is around 1.4 km (Fig. 10b) . Ordu is located on the SouthEast coastline of the Black Sea (Fig. 4) and the tsunami travels about 27 minutes to arrive there (Fig. 10c) , i.e. 4 minutes later than at Sochi. The wave height at shore line is lower at Ordu but still comparable with the wave height at Sochi (compare Figs. 10c and 10a , respectively). The maximum run-in distance at Ordu is about 0.5 km (Fig. 10d) . This rather small value is due to the steep beach profile, similar to that on Yalta's seashore (see Fig. 7 ). The run-in distance in Ordu and Yalta is similar in size (compare Figs. 10d and 9a , respectively). Figure 11 shows the rather small effect that the tsunami wave may have in the Western basin of the Black Sea.
Varna is an important port on the Western coast ( Table 1) . The tsunami arrives at Varna a bit earlier than two hours after the asteroid impact (Fig. 11a ) and the maximum wave height at shore is 1 m. The maximum run-in distance on the dry land is about 0.1 km (Fig. 11a) . This small value is due to the profile of the bottom of the sea and the dry land near Varna in the direction of tsunami propagation (Fig. 11b ). There is a hilly area of maximum height 37 m located on dry land about 3 km from the coastline which puts an upper limit to the run-in distance.
Impacts by class (ii) asteroids
An asteroid of diameter D = 1000 m is considered now. In this case the water cavity radius is R = 10122 m and the computed water cavity depth is D = 6693 m. According to the second option in Eq. (6) ( Fig. 12a) . The first important wave (about 80 m high) reaches the Russian coast in 20 minutes after asteroid impact (Fig. 12b) . The wave is about seven times higher than in case of a 250 m diameter asteroid hitting the same location (compare Figs. 12b and 5b, respectively) . The Northern coast of Turkey is reached between Samsun and Ordu a few minutes later. The tsunami wave needs 40 minutes to reach all the coastlines of Eastern Black Sea (Fig. 12c) . The next 20 minutes wave propagation decreases in speed and one hour after the impact the wave entered one third of the Western basin (Fig. 12d) . Also, the maximum wave height decreased to about 40 m and the negative heights show interferences with waves returning from the shores. Most part of the Western Black Sea is affected by the tsunami in about two hours (Figs. 12e and  12f) . The maximum wave height ranges between 10 m and 15 m while the minimum oscillates between -10 m and -11 m (Figs. 12e and 12f) , showing interference processes.
Figures 5 and 12 allow a comparison between the tsunamis generated by asteroids of various diameters. The extent of the perturbed sea level area depend significantly on the diameter of the asteroid (compare Figs. 5f and 12f ).
Refined grids were used to evaluate the effect of the tsunami generated by the 1000 m asteroid on particular locations on the seashore. Figure 13 shows the maximum run-in distance on the dry land at the seashore at Ordu, Yalta and Varna (for location see Fig. 4 while for sea depth see Fig. 3 ). The tsunami arrives at Ordu in about 27 minutes after the asteroid impact. The wave crest is about 20 m high and has behind a 9 km long trough of 43 m depth. The maximum run-in distance is around 3 km (Fig. 13a) . Compare these values with the tsunami gen- erated by a 250 m size asteroid, whose height on Ordu's beach is about 8 m and has a run-in distance of 0.5 km (see Fig. 10d ). At Yalta the tsunami arrives in 41 minutes (Fig. 13b) . Its height is much higher than at Ordu (≈ 90 m) while the run-in distance is about 2.9 km. Compare these values with the tsunami generated by a 250 m size asteroid, whose height on Yalta's beach is 39 m and has a run-in distance of 0.7 km (Fig. 8a) . The tsunami arrives at Varna in about 115 minutes and has a much lower height than at Ordu and Yalta (i.e. 8 m), as expected (Fig.  13c) . Of course, the run-in distance is larger than in case of the tsunami generated by a 250 m asteroid (i.e. about 0.7 km) (see Fig. 13c ).
Impacts by class (iv) asteroids
An asteroid of diameter D = 70 m is considered here. In this case the water cavity depth is D = 971 m and the water cavity radius is R = 1272 m. The peak spectral component of the generated wave occurs at 2671 m wavelength. The ratio | |/L between the sea depth and peak tsunami's wavelength is 2122/2671 = 1/1.25. This wave is not a shallow water wave (see Appendix A). Consequently, the results accuracy is expected to be similar to that described in Appendix A for | |/L = 1. The raw combined bathymetry-topography file has a resolution of 1134 × 935 m. Near the shore the computational grid has been refined to a range varying from 1:80 to 1:100. The same proportion is maintained for the bathymetry-topography file through appropriate interpolation. This makes possible capturing the shore effect of the impact by the 70 m asteroid at 150 km away from the impact position. Figure 14 provides a broad image about the tsunami propagation in the Eastern basin of the Black Sea. At the impact position the water is lifted to nearly 1000 m above the sea level (Fig. 14a) . Ten minutes after impact the front wave has a height of about 0.5 m (Fig. 14b) . The tsunami reaches the North-East shore of Black Sea in about 20 minutes, between Sochi and Novorossyisk (Fig. 14c) . Its height is less than 0.5 m. After 30 minutes the tsunami affected almost all the coastlines in the Eastern basin of Black Sea but the wave height has considerably diminished, being of the order of 0.3 m (Fig. 14d) . The run-in effect is negligible.
Conclusions
The effects of a tsunami generated by an asteroid hitting the Eastern region of the Black Sea were evaluated in this paper. Models were presented for both the impact of the asteroid with the seawater and tsunami propagation. Implementation of these models was based on accurate bathymetry and topography data provide by satellite measurements. The asteroid impact location adopted in this study is in the deep Eastern Black Sea region. The shortest distance between impact location and the coast is about 150 km. Three different asteroid sizes were considered. The effects of the impact-generated tsunami were studied on those sites on the coast where the most important cities are placed. Also, the effects on the furthest Western and Northern Black Sea shores were described. The results accuracy is limited by the accuracy of the model we used to describe the initial tsunami source at the impact location, by the accuracy of the shallow water theory we used here and by the accuracy of the near- shore bathymetry and topography. Shallow water theory overestimate wave amplitudes by factors ranging between 1 and 3.75 (see Appendix A) and this should be taken into account when reading the values reported in this paper, including this section.
The wave generated by a 250 m asteroid reaches the nearest dry land location in 20 minutes and needs about two hours to cover the whole Black Sea coast. In the Eastern Black Sea basin the wave height may be up to 39 m. In the Western Black Sea regions the wave height decreases significantly, being more than ten times smaller in some places. There are, however, important differences between the maximum values of the wave crest height at different sites, depending on local bathymetry and topography. The Northern part of the Black Sea coast is not affected by this catastrophic event.
The effects of a tsunami generated by an 1000 m diameter asteroid are larger on the Eastern than on the Western coasts. The run-up values are a few times larger than the similar values associated to a 250 m diameter asteroid, depending on location. All results show that large value of the tsunami's run-in distance is a pre-requisite of devastating effects. However, these effects are proportional to the inland extent of the flooding waters, which, in turn, is strongly dependent on the distance from the impact position to the shore and on the coastal topographical profile. For instance, the run-in distance in case of a tsunami generated by a 250 m size asteroid is 0.1 km (at Varna), 0.5 km (Ordu), 0.7 km (Yalta) and 1.4 km (Sochi). In case of the 1000 m diameter asteroid the run-in distance is 0.7 km (at Varna) and 2.9 km (Yalta). The run-in distance is negligible for the 70 m size asteroid.
The main novelty of these results is that they refer to tsunami effects generated by asteroids impacting a confined body of water. The refraction effects on coasts are taken into consideration. Most previous studies refer to open seas and oceans where such refraction effects are negligible. These results may be of interest for local authorities when emergency plans are prepared.
The initial conditions for any sort of tsunami calculations are a topic of debate because the choice may substantially alter wave height predictions. The initial stages of tsunami generated by asteroid impacts are particularly difficult to model. They might come from detailed, non-linear simulations of hydrodynamic shocks. For example, the interaction of a typical stony asteroid (density of 3320 kg/m 3 and velocity of 20 km/s) with the atmosphere and a 5 km deep ocean with a basalt bottom has been modeled using the CTH computer code for multidimensional, multi-material, large deformation, strong shock wave physics [56] . Alternatively, initial conditions might come from experiment and observation in the form of empirical scaling laws. Various scenarios were proposed to describe the water disturbance (the tsunami source) due to an asteroid impacting the ocean (see [61] and references therein). All of these models predict large values (comparable with the ocean depth) of water disturbances and a characteristic length scale (source radius) comparable to the asteroid diameter. Two extreme cases were considered in [37] . In the first case all of the water within the cavity ejects incoherently into space and does not contribute to the tsunami. In the second case, all of the water within the cavity deposits coherently into a bordering lip and does contribute to the tsunami. Based on energy arguments, in [49] it has been shown that the water cavity idealization adopted in the last case, have solid footing. This second case of [37] was our choice in [72] and in this work.
A realistic tsunami propagation theory is fully 3-D and neither depth-averaged nor restricted to long or short waves [37] . However, such a complete theory is rarely used in practice due to limitations in available computing capacity and time resources. Depending on specific features two approximate approaches are usually adopted, namely the linear wave theory and the shallow water theory (which is a simplified 2D non-linear theory), respectively. A few details follow.
Linear theory
Due to wave dispersion, the wave height is attenuated and far from the source the wave can be considered as linear [61] . In linear wave theory one distinguishes between long waves and short waves. A simple classification is sometimes made as a function of wave wavelength L and modulus of water depth | |: long waves correspond to | |/L < 1/20 (and are usually associated to shallow water) while short waves correspond to | |/L > 1/2 (and are associated to deep water) 5 [74] . Wavelengths at peak tsunami amplitude correspond closely with 1.05 times the diameter of the impact cavity [37] . If the water cavity radius is smaller than (or comparable to) the water depth, the deep water approximation can be applied [61] . For such sources the dispersion effects become important. Impact tsunamis have many spectral holes. Tsunamis disperse normally with longer waves traveling faster than shorter waves. Waves longer than the cavity diameter arrive before the peak; shorter waves arrive after [49] .
Shallow water theory
The crucial simplifying assumption for shallow water theory is that the pressure is strictly hydrostatic [66] . This is the case for long and shallow waves (i.e. waves with wavelength much larger than water depth), in which the vertical acceleration of fluid elements during the wave passage stays small [73] . Note that, no assumption is made about the amplitude and the smoothness of shallow water waves relative to the depth all such nonlinearities are retained in shallow water theory [66] (p. 37-3). The shallow water equations are mostly used for tsunamis induced by underwater earthquakes, when the vertical displacement of the water column is the main tsunamigenic mechanism and tsunami waves begin as long waves [61] , [66] (p. 52). The shallow water theory has also been used in the case of impact induced tsunamis (see, e.g. [75] [76] [77] among others) and was our choice in [72] and in this work.
The largest terms neglected in the shallow water equations are dispersive terms [66] (p. 58). During the passage of high waves, significant vertical accelerations can occur, leading to deviation from the hydrostatic pressure conditions. The erroneous consequence is that high waves compared to shallow ones are slower and subject to larger diffusion [73] . For situations which do not deviate too much from hydrostatic conditions, the classical shallow water equations can be generalized [66] (p. 59).
Accuracy of approximate theories
Impact tsunami simulations by using 3D Navier-Stokes equations require impressive computing resources. A few such results were reported in [56] and allow a brief discussion about the expected accuracy of both linear and shallow water theories when used to simulate impact generated tsunamis.
The linear theory was used in [37] to study a hypothetical tsunami generated by the 1.1 km -size asteroid 1950 DA impacting a 5 km deep ocean 600 km east of the United States coast. The quoted authors state that their model predict a 7 m height wave at 1000 km distance when generated from a 250 m impactor. The same authors state that this result is about 10 times less than the result previously derived in [78] but much larger than the result obtained by solving 3D Navier-Stokes equations in [56] . Since results in [37] do not show what 'much larger' means, we shall specify that Table 1 of [56] gives an amplitude of 8 m at 70 km distance from the impact point of the 250 m asteroid in a 5 km deep ocean. That table does not contain results for distances larger than 70 km. Reference [56] states that at 1000 km distance the amplitude 'is negligible' (indeed, extrapolation of data in Table 1 of [56] at 1000 km distance gives an amplitude of about 0.1 m. Consequently, in this particular case, the approximate linear theory overestimates about 70 times the result predicted by the 'exact model' based on solving the full 3D-Navier-Stokes equations). Tables 1 and 2 of [56] allow a comparison between results predicted by the 'exact model' and the shallow-water theory. These tables report the amplitude of the wave at various distances from the impact place for asteroids of size 250 m, 500 m and 1000 m, respectively. A | | = 5 km deep ocean is always considered. Table 1 in [56] contains values of the amplitude η NS computed by using the ZUNI code which solves the incompressible 3D-Navier-Stokes equations. A 250 meter asteroid would result in less than a 10 meter high tsunami after 60 km of travel in a 5 km deep ocean. The tsunami generated by a 1 km diameter asteroid would run 80 km before the tsunami wave amplitude was less than 100 meters and 500 km before it was less than 10 meters. The tsunami period, wavelength, and velocity increases with run distance while the amplitude decreases. Table 2 in [56] contains values of the amplitude η SW computed by using the approximate shallow water theory. Computations were performed using the SWAN non-linear shallow water code which includes Coriolis and frictional effects [75] . Again, the diameter of the initial water cavity is reported for all the three impactors. Since the cavity diameter is nearly equal to the peak tsunami's wavelength L, one may assign values for the ratio | |/L for all cases reported in Tables 1 and 2 of [56] . Note that both tables contain two sorts of data: (i) data obtained by direct numerical integration and (ii) data obtained from extrapolation of numerical results. Tables 1 and 2 of [56] are used. These data consists of: (i) data obtained by direct numerical integration and (ii) data obtained from extrapolation of numerical results. | |/L is the ratio between the water depth and wave wavelength, respectively. Figure 15 shows the ratio η EW /η NS as derived from the data in Tables 1 and 2 of [56] . The tsunami wave amplitudes and velocities within the 'exact model' are smaller than the shallow-water wave values. The ratio η EW /η NS is less than 5 for all cases described in Fig. 15 . When only data reported for direct numerical integration in Tables 1 and 2 of [56] are used, the ratio η EW /η NS is less than 3.75. The ratio η EW /η NS is less than 2.75 when data associated to | |/L less than 1/2 but higher than 1/4 are considered. This agrees with [79] and [56] , where it is has been stated that with increasing periods and wavelengths, the discrepancy between shallow water theory and 3D-Navier-Stokes theory decreases. Figure 15 shows that results obtained under the hypothesis of shallow water theory are upper limit values and as much as twice too large at long distances of run. The uncertainty factor decreases in case of | |/L values smaller than 1/4.
